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admixture	 of	 introduced	 with	 autochthonous	 species	 through	 hybridization.	
Throughout	the	world,	bumblebees	have	been	deliberately	introduced	for	crop	pol‐
lination	with	known	negative	impacts	on	native	pollinators.	Given	the	likely	alloch‐
thonous	 origin	 of	 commercial	 bumblebees	 used	 in	 Portugal	 (subspecies	 Bombus 
terrestris terrestris and B. t. dalmatinus),	our	aim	was	to	assess	their	putative	introgres‐
sion	with	the	native	Iberian	subspecies	B. terrestris lusitanicus. We	analysed	one	mito‐
chondrial	gene,	cytochrome	c	oxidase	subunit	I	(COX1)	and	genomic	data	involving	
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1  | INTRODUC TION
Agricultural	practices	may	have	profound	 impacts	on	native	eco‐
systems,	 namely	 with	 the	 introduction	 of	 non‐native	 species	
(Goulson,	 2003)	 which	 may	 become	 invasive,	 competing	 for	 re‐
sources	or	introducing	diseases.	These	can	also	affect	ecosystem	
interactions,	 such	 as	 plant–pollinator	 relationships	 (Matsumura,	
Yokoyama,	 &	 Washitani,	 2004)	 or	 disrupt	 the	 genetic	 make‐up	









Pinto,	 Rubink,	 Patton,	 Coulson,	&	 Johnston,	 2005;	 Rangel	 et	 al.,	
2016).	There	 is	 also	concern	 that	human‐modified	or	engineered	
genes	may	escape	 into	 the	wild	 through	hybridization	 (Ellstrand,	
2001).	 On	 the	 other	 hand,	 a	 fitness	 decrease	 shown	 by	 hybrids	
(“outbreeding	depression,”	or	“hybrid	breakdown”),	due	to	disrup‐













bumblebee,	 Bombus terrestris	 (Linnaeus,	 1758)	 (Hymenoptera,	
Apidae),	native	from	the	West	Palaearctic.	It	began	to	be	artificially	
reared	 by	 commercial	 companies	 for	 greenhouse	 crop	 pollination,	





potential	 for	 B. terrestris	 to	 behave	 as	 an	 invasive	 species	 results	
from	 its	high	dispersal	 and	 reproductive	abilities,	generalist	 forag‐
ing	 and	 flexible	 nesting	 habits,	 its	 thermoregulatory	 metabolism	
that	allows	it	to	be	active	at	low	temperatures	(even	during	winter	
in	some	countries),	 its	ability	 to	compete	with	other	bees	 for	nest	
sites	and	flower	resources	(Dafni	et	al.,	2010;	Goulson,	2003,	2010;	
Ings,	Ward,	 &	 Chittka,	 2006)	 and	 to	 spread	 parasites	 and	 patho‐









the	 season,	males	 and	 fertile	 females	 can	 be	 produced,	 and	 thus,	
hybridization	with	native	species/subspecies	may	potentially	occur.	
Although	 in	 the	 early	 years,	 the	 commercial	 rearing	 used	 several	
subspecies	(including	B. t. lusitanicus,	B. t. sassaricus and B. t. xantho‐
pus;	Rasmont	&	Coppée,	2008),	most	commercial	bumblebees	used	
nowadays	 across	 Europe	 probably	 originate	 from	 stocks	 collected	





The nine B. terrestris	 subspecies	 distributed	 across	 the	
Mediterranean	differ	in	external	morphology	(particularly	colour	
pattern),	 physiological	 traits,	 resistance	 to	 parasites,	 behaviour	
and	 phenology	 (Rasmont	 &	 Coppée,	 2008).	 Studies	 with	 mito‐
chondrial	 and	 microsatellite	 variation	 have	 shown	 clear	 differ‐

















ones	 was	 significantly	 higher	 in	 areas	 adjacent	 to	 greenhouse	 in	
comparison	with	more	distant	populations	(>30	km).	These	results	
suggest	 that	 greenhouse	 commercial	 bumblebees	 introgress	 ge‐
netic	material	into	the	native	conspecifics.	In	Moreira	et	al.	(2015),	
the	authors	detected	the	most	common	mitochondrial	COX1	hap‐
lotype	 from	 European	 continental	 populations	 in	 a	 few	 locations	
in	Ireland,	where	it	 is	mostly	absent.	One	possible	explanation	for	
its	 presence	 in	 Ireland	 is	 once	more,	 introgression	 from	 commer‐
cially	 bred	 populations.	 Furthermore,	 using	 eight	 microsatellites,	
they	found	limited	genetic	differentiation	between	commercial	and	
some	wild	 populations	 from	Britain	 and	 continental	 Europe,	 sug‐
gesting	 that	 some	wild	 samples	 could	 actually	 be	 commercial	 es‐
capees	and/or	result	from	hybridization.	A	recent	study,	by	Cejas,	
Ornosa,	Muñoz,	and	De	 la	Rúa	 (2018),	 reported	potential	hybrids	
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between	B. t. terrestris and B. t. lusitanicus	in	southern	Spain	(Sierra	
Nevada).	Despite	the	uncertainty	of	morphological	identification	of	




cial and wild Bombus impatiens	Cresson,	 1863,	 in	North	America,	
despite	some	individuals	collected	in	the	wild	showing	>75%	of	gen‐
otype	assignment	to	commercial	stocks.






al.,	 2014;	 Twyford	 &	 Ennos,	 2012).	 Restriction‐site‐associated	
DNA	sequencing	(RAD‐seq)	is	one	of	the	techniques	available	to	
efficiently	 identify	 and	 genotype	 thousands	 of	 SNPs	 across	 the	
genome	for	a	large	number	of	samples	(Baird	et	al.,	2008;	Davey	
&	Blaxter,	2010).	 It	 has	been	proven	useful	 for	 the	detection	of	
introgression	where	traditional	markers	have	failed	(e.g.,	Eaton	&	
Ree,	2013).
In	 the	present	 study,	we	aimed	 to	 assess	whether	 commercial	











gressing	 is	 essential	 not	 only	 to	 define	 conservation	management	
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2  | MATERIAL AND METHODS
2.1 | Bumblebee sampling
For	 the	 analysis	 of	 introgression	 between	 commercial	 and	 native	






ferent	 areas	 in	 Portugal	where	 commercial	 bumblebees	 are	 used	
for	crop	pollination	(Figure	1;	Supporting	information	Table	S1),	and	












To	account	 for	 the	effect	of	distance	 from	greenhouses,	we	di‐


















tube	 or	 using	 an	 entomological	 net.	Most	 individuals	were	 forag‐
ing	 female	workers,	 but	we	 also	 captured	10	males	 and	3	queens	
(Supporting	information	Table	S1).	Specimens	were	taken	to	the	lab‐
oratory	 and	 frozen	 at	−20ºC	 (dry	or	 in	 absolute	 ethanol)	 for	DNA	
preservation.	Additionally,	we	 sampled	 in	 Spain	 two	 specimens	of	
Bombus lucorum (Linnaeus,	1761),	a	closely	related	species	here	used	
as	outgroup	(Supporting	information	Table	S1).























Home.	A	 total	 of	 300	ng	of	 genomic	DNA	of	 each	of	 the	66	 in‐
dividuals	 was	 digested	 with	 restriction	 enzyme	 PstI‐HF	 (New	
England	 Biolabs)	 followed	 by	 ligation	 to	 100	pmol	 of	 Barcoded	
P1‐modified	 Illumina	 Adapter.	 Individually	 barcoded	 samples	














magnetic	 beads.	 Fragments	 between	 300	 and	 600	bp	 in	 length	
were	 selected	by	gel	 extraction	 and	purified	using	 the	MinElute	







sion	 step.	 PCR‐enriched	 libraries	were	 purified	 using	Agencourt	
AMPure	XP	magnetic	 beads.	 The	DNA	concentration	of	 each	 li‐
brary	was	quantified	in	Qubit	2.0	(Invitrogen),	using	Qubit	dsDNA	
HS	Assay	 kit,	 and	 the	 same	proportional	 representation	of	 each	
individual	 was	 used	 in	 the	 final	 volume.	 Paired‐end	 sequencing	





Chromatogram	 peak	 calling	 was	 done	 in	 Sequencher	 4.05	 (Gene	
Codes	Corporation).	 Sequence	 alignment	was	 performed	 in	Mafft	
version	 7.205	 (Katoh	 &	 Standley,	 2013)	 using	 default	 settings	
and	 checked	 for	 accuracy	using	BioEdit	 version	7.2.5	 (Hall,	 1999).	
Alignment	files	were	converted	to	NEXUS	format	using	Concatenator	
version	1.1.0	 (Pina‐Martins	&	Paulo,	2008).	A	median‐joining	hap‐






in	 Stacks	 version	 1.45	 (Catchen,	Hohenlohe,	 Bassham,	Amores,	&	






ment	 (‐‐trim3	3).	 The	 resulting	BAM	 files	were	 filtered	 to	 exclude	
low‐quality	 alignments	 (‐q	 20)	 and	 unmapped	 reads	 (‐F	 0x0004)	
using	SAMtools	version	0.1.19	(Li	et	al.,	2009).	Around	60%	of	the	
reads	 retained	 from	 process_radtags	 were	 successfully	 mapped	
against	 the	 reference	 and	 properly	 paired	 (Supplementary	 Table	








From	 this	 last	data	 set,	 the	 two	 individuals	of	B. lucorum were ex‐
cluded,	 producing	data	 set	NO_OUTGROUP,	 for	 the	 intra‐specific	
analyses.
All	 three	 data	 sets	 were	 obtained	 using	 populations (Stacks	















For	 the	 data	 set	 TOTAL,	we	 obtained	 observed	 and	 expected	





To	 obtain	 ancestry	 proportions	 for	 the	 data	 set	 FEMALES,	 we	
used	 the	 Bayesian	model‐based	 clustering	 approach	 available	 in	
Structure	v.	2.3.4	(Falush,	Stephens,	&	Pritchard,	2003;	Pritchard,	
Stephens,	&	Donnelly,	2000),	using	the	admixture	model	and	as‐
suming	 correlated	 allele	 frequencies	 among	 populations.	 We	
tested	the	number	of	clusters	(K)	from	1	to	6,	running	10	replicates	
of	 each,	 with	 500,000	 steps	 of	 burn‐in	 and	 1,000,000	 MCMC	
steps	after	burn‐in.	All	other	parameters	were	set	to	default.	The	
program	 Structure_threader	 version	 1.2.2	 (Pina‐Martins,	 Silva,	
Fino,	&	Paulo,	2017)	was	used	to	parallelize	the	runs	and	find	the	K	
best	explaining	the	data	(Earl	&	vonHoldt,	2012;	Evanno,	Regnaut,	
&	Goudet,	 2005).	 The	 10	 replicate	 runs	 of	 Structure	 for	 each	K	
were	 permuted	 to	 align	 the	 clusters	 across	 runs	 using	 CLUMPP	
version	1.1.2	(Jakobsson	&	Rosenberg,	2007)	to	obtain	the	optimal	
alignment	of	ancestry	proportions.









For	 the	 calculation	 of	 parental	 allele	 frequencies,	 we	 re‐sampled	


























(ABBA	pattern)	 is	expected	 to	be	 the	 same	as	 the	number	of	 sites	
where	populations	P1	and	P3	share	the	same	allele	(BABA	pattern),	
resulting	in	an	expected	D‐statistic	of	zero.	However,	gene	flow	be‐


















We	used	 the	FEMALES	data	 set	obtained	 from	populations (Stacks	
software).	To	maximize	the	number	of	sites,	we	did	not	filter	for	miss‐
ing	data	per	population,	and	instead	computed	the	allele	frequencies	
accounting	 for	missing	 data	 (i.e.,	 accounting	 for	 differences	 in	 the	
number	of	genotyped	 individuals	at	a	given	site	 in	a	given	sample),	




2.7 | Direction of gene flow
To	investigate	the	relationship	between	commercial	and	native	popu‐
lations,	we	inferred	the	population	tree	that	better	explains	the	allele	
covariance	 matrix	 across	 populations	 using	 the	 diffusion	 approxi‐
mation	model	 implemented	 in	TreeMix	v1.13	 (Pickrell	&	Pritchard,	



















gene,	we	 recovered	 their	clustering	 into	 four	haplotypes	with	one	
to	four	base	substitutions	between	them	(Figure	2;	Supporting	 in‐
formation	 Table	 S1;	 GenBank	 Accession	 numbers	 MHO18608—
MHO18673).	 Haplotype	 H1	 was	 the	 most	 common	 one	 in	 every	
group	of	samples:	CH,	NNear,	NFar,	SNear and SFar.	Haplotype	H3	
was	found	in	four	out	of	11	CH	individuals.	It	was	also	present	in	five	
out	of	20	 individuals	of	NNear	 and	 in	one	out	of	 three	 individuals	
of	SFar. B. lucorum	 haplotypes	 differed	 from	B. terrestris	 by	 45–47	
substitutions.
We	 obtained	 an	 average	 of	 7.6	 million	 paired‐end	 reads	 (of	
120	bp)	 per	 individual,	 and	 after	 filtering	with	process_radtags,	 7.3	
million	 of	 those	were	 retained	 (Supplementary	Table	 S1).	Nine	 in‐
dividuals	had	low	number	of	markers	(less	than	2.8	million	retained	
reads;	Supplementary	Table	S1)	 and	were	 thus	excluded	 from	 fur‐
ther	analysis.	Individual	BTL_146	also	had	low	number	of	reads	(1.47	





Principal	 components	 analysis	 (PCA)	 for	 the	 TOTAL	 data	 set	
showed	B. terrestris	segregating	into	several	groups	in	principal	com‐
ponent	1	 (PC1)	 (Figure	3a),	while	 in	PC2,	B. lucorum	 separates	 from	
B. terrestris.	One	of	the	two	individuals	of	B. lucorum	 (BTL_146)	was	
























In	 the	PC1,	 three	 samples	 fell	 in	 an	 intermediate	position	between	





The	 group	 of	 putatively	 escaped	 females	 (PE‐F)	 showed	 low	
differentiation	 from	 the	 commercial	 individuals	 (CH)	 (FST	 =0.006;	
Table	1)	and	higher	and	significant	differentiation	from	the	wild	fe‐
male	groups	 (NNear,	NFar,	SNear and SFar; FST	between	0.045	and	
0.051;	Table	1).	FST	 values	between	 the	group	of	 putative	hybrids	
(Hyb)	 and	commercial	 individuals	 (CH)	 (FST	=	0.017)	were	similar	 to	
those	found	between	Hyb	and	wild	populations	(NNear,	NFar,	SNear 
and SFar; FST	 between	 0.014	 and	 0.021;	 Table	 1).	 Differentiation	
between	 commercial	 and	 wild	 populations	 ranged	 from	 0.041	 to	
0.046,	 while	 between	 pairs	 of	 wild	 populations	 were	 lower	 than	
0.013	 (Table	1).	Ploidy	 influences	 the	differentiation	of	 individuals	
(Wragg	et	al.,	2018),	and	thus,	we	did	not	compare	male	and	female	
FST.	Commercial	 and	wild	 females	 did	 not	 differ	 in	mean	diversity	
(expected	 heterozygosity)	 and	 FIS	 (Table	 1;	 He:	 t	 test,	 t	=	1.1926,	
df=16.808,	p	=	0.2496;	FIS: t	test,	t =	−0.0838,	df =	13.835,	p	=	0.934).
Structure	harvester	revealed	a	most	 likely	K	of	3	 (Figure	4a).	CH 
individuals	showed	high	ancestry	proportions	from	group	2	 (70.3%–
100%),	while	most	wild‐caught	individuals	had	high	ancestry	propor‐







We	 estimated	 hybrid	 indices	 with	 Introgress	 for	 the	 data	 set	
NO_OUTGROUP.	 Among	 specimens	 considered	 as	 possible	 es‐
capees	 from	 commercial	 hives,	 hybrid	 indices	 ranged	 from	 0.3	 to	
0.4.	 Potential	 wild	 x	 commercial	 hybrids	 had	 hybrid	 indices	 of	 0.5	
(Figure	4b).





















TA B L E  1  Mean	pairwise	FST	values	between	groups	of	individuals	from	data	set	TOTAL
CH PE‐F Hyb NNear NFar SNear SFar NNear‐M Nfar‐M PE‐M B. lucorum
N 8 4 3 8 13 5 5 2 4 3 2
Ho 0.253 0.247 0.260 0.268 0.259 0.229 0.235 0.009 0.011 0.009 0.134
He 0.287 0.287 0.287 0.287 0.287 0.286 0.286 0.288 0.288 0.288 0.287
FIS 0.117 0.140 0.093 0.067 0.097 0.200 0.180 0.967 0.962 0.967 0.531
CH 0
PE‐F 0.006 0
Hyb 0.017 0.018 0
NNear 0.046** 0.051* 0.021 0
NFar 0.042*** 0.045** 0.014* 0.006 0
SNear 0.041** 0.049* 0.020* 0.007 0.004 0
SFar 0.042** 0.046* 0.020* 0.012 0.006 0.009 0
NNear‐M 0.153 0.175 0.164 0.135 0.130* 0.154 0.146 0
Nfar‐M 0.103* 0.115 0.088 0.074* 0.067** 0.079* 0.081* 0.221 0
PE‐M 0.095* 0.103 0.117 0.129* 0.124* 0.140* 0.136* 0.283 0.201 0
B. lucorum 0.076 0.109 0.111 0.073 0.058 0.097 0.088 0.347 0.178 0.245 0
Note.	Number	of	individuals	(N),	mean	observed	heterozygosity	(Ho),	mean	expected	heterozygosity	(He)	and	mean	FIS	for	each	group	are	shown	at	the	
top	of	the	table.
aSignificance	levels	after	FDR	correction	(Benjamini	&	Yekutieli,	2011)	(n	=	55):		*0.01 < p<0.05;  **0.001 < p<0.01;  ***p < 0.001. 





to	hybrid	index.	Symbols	in	the	bottom	represent	the	groups	where	individuals	come	from,	either	NNear, NFar, SNear or SFar
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The	 data	 set	 D‐STAT	 had	 a	 total	 of	 42,928	 SNPs.	 From	 this	
data	set,	we	obtained	the	data	set	to	compute	the	D‐statistic	 for	
each	 combination	of	 populations	by	 keeping	only	 sites	with	data	
in	at	 least	one	 individual	 from	each	population.	Hence,	 the	num‐
ber	of	SNPs	for	each	D‐statistic	computation	ranged	from	16,599	
to	27,760.	 In	agreement	with	 introgression	of	CH	 into	NNear,	 the	
D‐statistics	computed	at	 the	population	 level	 suggest	 that	NNear 
shares	more	alleles	with	CH,	as	indicated	by	positive	values	when	
NNear	 is	 the	 P2	 and	 by	 negative	 values	 when	 NNear	 is	 the	 P1	
(Figure	5).	In	contrast,	results	suggest	that	SFar	shares	more	alleles	
with	CH	 than	SNear	 (Figure	5).	Note,	 however,	 that	 these	 results	




trogression	 from	 commercials	 (Figure	 6;	 Supporting	 information	
Figure	S2).	For	 the	 target	NNear	 (Figure	6a),	we	 find	evidence	of	
introgression	 in	 three	out	of	13	 females	 (BTL_244,	BTL_251	and	
BTL_252;	 Figure	 5).	 Two	 of	 these,	 BTL_244	 and	 BTL_252,	 also	
considered	as	possible	escapees	by	PCA	and	Structure,	had	hybrid	


















target	 SFar	 (Figure	 6d),	 female	 BTL_357,	 which	was	 classified	 as	
potential	hybrid	by	PCA,	Structure,	Introgress	(0.50)	and	as	a	back‐
cross	with	the	wild	population	by	NewHybrids,	also	showed	a	con‐





result	 from	 gene	 flow	 in	 both	 directions.	 To	 investigate	whether	
gene	flow	was	from	CH	into	P2	or	from	P2	into	CH,	we	inferred	the	






We	 applied	 genetic	 analyses	 to	 detect	 signatures	 of	 introgression	
between	commercial	and	native	Bombus terrestris	 in	western	 Iberian	
Peninsula,	 where	 the	 native	 subspecies	 is	 B. t. lusitanicus.	 In	 the	
mitochondrial	 analysis,	 we	 found	 one	 COX1	 haplotype	 (H3)	 to	
be	 relatively	 common	 in	 commercial	 bumblebees,	 which	 was	 also	
detected	 in	 the	 greenhouse	 areas	 investigated.	 This	 haplotype	 has	
not	 been	 found	 in	 any	 other	 area	 of	 the	 Iberian	 Peninsula	 so	 far,	
except	 for	one	 specimen	collected	 in	 southeastern	Spain,	 in	Murcia	
(S.	 E.	 Silva,	 unpublished),	 about	 300	km	 from	 the	 area	where	Cejas	
et	 al.	 (2018)	 detected	 potential	 hybrids	 between	 these	 subspecies	
based	 on	 morphological	 and	 mitochondrial	 16S	 data.	 In	 the	 south	
of	Spain,	commercial	bumblebees,	from	the	same	companies	trading	
in	Portugal,	are	also	used	 in	greenhouses.	Since	such	stocks	 include	
mostly	subspecies	B. t. terrestris and B. t. dalmatinus	(Lecocq,	Coppée,	









detected	 by	 PCA	 and	 also	 by	 analyses	 carried	 out	with	 Structure,	
Introgress	 and	 NewHybrids	 methods.	 Only	 one	 of	 them	 was	 de‐
tected	with	the	D‐statistics,	as	expected	given	that	D‐statistics	has	








stocks	 for	 creating	 commercial	 breeds.	To	 test	 this	hypothesis	 and	
understand	their	relative	contribution	for	the	gene	pool	of	commer‐
cial	stocks,	both	subspecies	putatively	used	for	commercial	breeding,	
B. t. terrestris and B. t. dalmatinus,	should	be	genotyped.	In	agreement	
with	 Lecocq,	Coppée,	 et	 al.	 (2016),	 our	 results	 stress	 the	 need	 for	
trade	companies	to	provide	information	on	the	taxonomic	identity	or	
geographic	origin	of	the	strains	used	for	an	efficient	trade	regulation.











We	 found	males	next	 to	one	greenhouses	 in	 June	and	 July	 (at	
the	end	of	the	first	of	two	annual	tomato	crop	seasons)	that	were	
genetically	more	similar	to	commercial	samples.	Since	males	may	be	
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these	groups	larger	than	0.041),	 it	 is	likely	that	introgressed	alleles	
from	commercial	individuals	are	less	fit	in	the	local	habitat.	The	issue	













since	 these	 became	 a	 valuable	 asset.	However,	 long‐term	 ecological	
impacts	of	using	non‐native	pollinators	should	be	taken	into	account	








from	 commercial	 into	 native	 bumblebees	 (Murray,	 Coffey,	 Kehoe,	&	
Horgan,	2013)	that	would	help	to	improve	species	distribution	models	




Data	 for	 this	 study	 are	 available	 at:	 GenBank	 (accessions	
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